Leptin stimulates proliferation and TGF-β expression in renal glomerular endothelial cells: Potential role in glomerulosclerosis11See Editorial by Ballermann, p. 1154.  by Wolf, Gunter et al.
Kidney International, Vol. 56 (1999), pp. 860–872
Leptin stimulates proliferation and TGF-b expression in renal
glomerular endothelial cells: Potential role in glomerulosclerosis1
GUNTER WOLF, ANDREAS HAMANN, DONG CHEOL HAN, UDO HELMCHEN, FRIEDRICH THAISS,
FUAD N. ZIYADEH, and ROLF A.K. STAHL
Department of Medicine, Division of Nephrology and Osteology, Diabetes Research Group, and Department of Pathology,
University of Hamburg, Hamburg, Germany, and Renal-Electrolyte and Hypertension Division, University of Pennsylvania
Medical Center, Philadelphia, Pennsylvania, USA
revealed an increase in proteinuria compared with control-Leptin stimulates proliferation and TGF-b expression in renal
infused rats.glomerular endothelial cells: Potential role in glomerulosclerosis.
Conclusion. Our findings are the first in vitro and in vivoBackground. Leptin inhibits food intake and increases en-
demonstration that leptin is a renal growth and profibrogenicergy expenditure. Although the kidney expresses abundant
transcripts of the short form of the leptin receptor (Ob-Ra), factor. These results may be an important contribution to our
a role for this hormone in renal function remains unclear. understanding of how leptin can contribute to renal damage,
Because individuals with massive obesity who may exhibit in- characterized by endocapillary proliferation and subsequent
creased leptin serum concentrations develop renal glomerulo- development of glomerulosclerosis, in pathophysiological situ-
sclerosis, we studied whether leptin can influence renal growth ations with high circulating levels such as in diabetics or obese
and profibrogenic processes. individuals. Although the effects of leptin itself are moderate,
Methods. The effects of recombinant leptin on proliferation growth-promoting and profibrogenic effects may be enhanced
and synthesis of transforming growth factor-b1 (TGF-b1) was in concert with other factors such as angiotensin II.
investigated in cultured glomerular endothelial cells of the rat
(GERs) and syngeneic mesangial cells. Furthermore, leptin
receptor expression and potential signal transduction pathways
were evaluated in GERs. In addition, leptin was also infused Leptin, the product of the ob gene, is produced by
for different time periods (72 hr and 3 weeks) into naive rats. adipose tissue, and its concentration in plasma is related
Results. Recombinant mouse leptin induced proliferation of to the amount of total body fat [1–4]. The administrationGERs, but not of syngeneic mesangial cells. Coincubation with
of leptin to ob/ob mice, which has a genetic defect inangiotensin II and leptin exerts additive proliferative effects
in GERs. An antileptin-receptor antibody totally abolished this leptin production [5], increases energy expenditure, re-
proliferation but did not influence serum-induced proliferation. duces food intake, and eventually causes a loss of body
GER expressed high affinity receptors of the Ob-Ra type (Kd, weight [6, 7]. These effects are mediated by specific re-4 nm; Bmax, 9700 receptors/cell). Leptin also stimulated phos- ceptors for leptin (Ob-R), which are centrally localizedphorylation of STAT1a, and kinase inhibitors attenuated pro-
in the hypothalamus [1, 8]. In addition, the presence ofliferation, suggesting a pivotal role of phosphorylation in this
process. Incubation of GERs with leptin also induced mRNA Ob-R in other tissues may also suggest that some effects
expression of TGF-b1 and enhanced secretion of this profibro- on energy expenditure may be caused by engagement
genic cytokine. Short-term leptin infusion (72 hr) into naive
of the peptide with peripheral sites [2–9].rats induced a significant proliferation, mainly restricted to glo-
Several recent studies have demonstrated that leptinmerular endothelial cells, and enhanced glomerular TGF-b1
mRNA levels. In rats continuously infused for three weeks is primarily cleared by the kidney, and patients with
with leptin, glomerular TGF-b1 expression was still enhanced, end-stage renal disease exhibit increased plasma leptin
and an additional increase in glomerular collagen type IV
concentration [10–12]. Furthermore, whole mouse andmRNA and protein expression was detected. These animals
rat kidneys express abundant Ob-R transcripts, sug-
gesting interaction of leptin with specific renal receptors
1 See Editorial by Ballermann, p. 1154. [2, 13]. However, besides the apparent clearance of leptin
in the kidney, little is known of its influence on renalKey words: cell proliferation, transforming growth factor b, sclerosis,
fibrogenesis, recombinant leptin. function, if any. Because patients with high circulating
leptin levels and obesity may develop glomerulosclerosis
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METHODS many) in the presence of 500 U of Maloney murine
leukemia virus reverse transcriptase diluted in 50 ml ofCell culture
a buffer containing 50 mm Tris-HCl (pH 8.3), 75 mm
Glomerular endothelial cells of the rat (GERs) are a KCl, 3 mm MgCl2, 10 mm dithiothreitol, and 500 mmnontransformed glomerular endothelial cell line origi- dNTP. After incubation for two hours at 378C, 5 ml of
nally isolated from adult Sprague-Dawley rats [14, 15]. the cDNA preparation was directly used for the PCR
This cell line has been previously characterized in detail, amplification with 5 ml 10 3 amplification buffer, 25 mm
and all experiments were performed at passages 35 to MgCl2, 10 mm dNTPs, and 1.5 ml of each primer (50 ng/ml),45. Primary culture of rat mesangial cells, isolated and and 2.5 U Taq-polymerase (Promega, Madison, WI,
characterized as previously described [15], was used for USA). The following primers specific for the long and
selected experiments. Cells were routinely grown in Dul- short forms of rat leptin receptors were used [2]: sense
becco’s modified Eagle’s medium (DMEM; with 450 mg/dl short isoform (Ob-Ra) 59AGTGATCTTTAATTAAA
glucose; GIBCO-BRL, Gaithersburg, MD, USA) sup- ATAGGT39; sense long isoform (Ob-Rb) 59AGAGAA
plemented with 100 U/ml penicillin, 100 mg/ml strepto- GTTAGCACTGTT39. A consensus antisense primer [2]
mycin, and 10% heat-inactivated fetal calf serum (FCS) was used for both isoforms 59ATGTCATTGTACCGA
at 378C in 5% CO2. TAATTA39. A total of 40 amplification cycles (denatur-
ing for 30 seconds at 948C, annealing for 90 seconds atLeptin receptor expression
508C, and extension for 90 seconds at 728C) was per-
Binding studies were performed on 1.8 3 105 GERs formed. Fifteen microliters of the reaction product were
grown to subconfluence in 24-well culture plates in assay separated in a 1.8% agarose gel containing 0.5 mg/ml
buffer consisting of serum-free DMEM supplemented ethidium bromide.
with 0.7% bovine serum albumin, 0.5% aprotinin, 5 mm
ethylenediaminetetraacetic acid (EDTA), and 1 mm phe- Measurement of proliferation
nylmethylsulfonyl fluoride (PMSF). For the saturation [3H]-thymidine incorporation was used as one mea-
binding assay, cell monolayers were incubated on a shak- surement of cell proliferation exactly as described [14].
ing platform with increasing concentrations (1.0 to 13.0 GERs were made quiescent in DMEM without serum
nm) of [125I]-recombinant murine leptin (2200 Ci/mmol; and were then incubated for 24 hours with a single dose
NEN Life Science Products, Boston, MA, USA) at 228C of 0.062 to 625 nm (1 to 10,000 ng/ml) recombinant mu-
for 60 minutes. Pilot experiments revealed a complete rine leptin (Hoechst Marion Roussel). This recombinant
binding of leptin to GER under these conditions. In preparation was free of measurable endotoxin (endo-
addition, GERs were incubated with 5 nm of [125I]-recom- toxin kit from Sigma). Additional cells were treated with
binant murine leptin in the presence of 5 mg of an affinity- recombinant mouse leptin from two additional suppliers
purified goat polyclonal antibody (Santa Cruz Biotech- (Biomol, Hamburg, Germany; and Pepro Tech, Rocky
nology, Santa Cruz, CA, USA) raised against a peptide Hill, CT, USA), to insure that the results were not depen-
corresponding to amino acids 32 to 51 mapping at the dent on the source of the leptin. To test for the specificity
amino terminus of the mouse leptin receptor or the same of the response, 5 mg/ml of the goat antimouse leptin
concentration of normal goat IgG (Sigma, Deisenhofen, receptor antibody (Santa Cruz Biotechnology) were in-
Germany). For these experiments, total binding of leptin cluded in some proliferation experiments. Because this
in the presence of normal goat IgG was considered as antibody preparation contains 0.1% sodium azide, the
100%. Cells were washed twice in phosphate-buffered antiserum was extensively dialyzed against PBS to re-
saline (PBS). Proteins were precipitated in ice-cold 10% move the sodium azide. Furthermore, the effect of anti-
trichloroacetic acid, subsequently lyzed in 0.5 m NaOH, leptin receptor antibody on proliferation of GERs in-
and the amount of radioactivity was then counted for duced by 10% FCS was determined. To investigate
scintillations. Nonspecific binding was performed in the potential costimulatory effects of angiotensin II (Ang II),
presence of 1026 m nonradioactive murine leptin (gener- some cells were also incubated with 1026 m Ang II
ous gift of Hoechst Marion Roussel, Frankfurt, Ger- (Sigma) and 62.5 nm leptin for 24 hours. To gain further
many) and was less than 15% of total bound radioactiv- insight into potential signal transduction pathways,
ity. The data were analyzed with the computer program GERs were stimulated with murine leptin in the pres-
Enzfittere (Elsevier-Biosoft, Cambridge, UK) and are ence of 1 mm wortmannin (Calbiochem-Novabiochem,
presented as Scatchard blots. Bad Soden, Germany) or 5 mm genistein (Sigma) [16].
To gain information as to which type of Ob-R mRNA For direct cell counts, 105 GERs were plated in each
is expressed in GERs, cDNA amplification was per- well of a 24-well plate, rested for 24 hours, and stimulated
formed after reverse transcription. To this end, 10 mg for up to 96 hours with leptin. At the end of the incuba-
of total RNA was reverse transcribed using 0.7 mg tion period, cells were washed in PBS, scraped off of the
plate, and counted in a Neubauer chamber [14].poly-d(T)primer (Pharmacia Diagnostics, Freiburg, Ger-
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Northern hybridization polyclonal antimouse antibody was used as secondary
antibody. Peroxidase labeling was developed with lumi-Glomerular endothelial cells of the rat were stimulated
nescence immunodetection (ECL Western Blotting Sys-for 24 hours with a single dose of 10 ng/ml to 10 mg/ml
tem; Amersham). For some experiments, blots wererecombinant mouse leptin. After washing in RNAse-free
washed for 30 minutes in PBS to remove bound antibod-PBS, cells were directly lyzed with acid guanidinium
ies, and the membranes were reincubated with the poly-thiocyanate, and total RNA was isolated [17]. Equal
clonal rabbit anti-STAT1a,b antibody to control for theamounts of total RNA (25 mg per lane) were denatured
amount of total expressed STAT1 proteins. Immunopre-in formamide-formaldehyde at 658C and electrophoresed
cipitations were performed five times with qualitativelythrough a 1.2% agarose gel containing 2.2 m formalde-
similar results.hyde. Blotting, hybridization, and washing conditions
were exactly as previously described [15]. The probes Transforming growth factor-b1 enzyme-linked
used were a 520 bp EcoRI fragment encoding the rat immunosorbent assay
TGF-b1 gene, a 660 bp PstI fragment from the a1(IV)
Transforming growth factor-b1 protein was measuredcollagen gene in pcI5, and a 300 bp EcoRI fragment
in culture supernatants from GERs stimulated for 48encoding murine PCNA. For control hybridizations, a
hours with various concentrations of leptin (0.62 to 6251.5 kb cDNA fragment encoding for the rat GAPDH
nm) by a sandwich enzyme-linked immunosorbent assaywas used. Northern blots were repeated twice with a
(ELISA) kit according to the manufacturer’s specifica-qualitatively similar result. Exposed films were scanned
tions (Genzyme, Boston, MA, USA). Samples were acti-with a laser densitometer (GS 300; Hoefer Scientific In-
vated with 1 N HCl for 60 minutes at 48C followed bystruments, San Francisco, CA, USA), and the areas un-
neutralization with 1 N NaOH. TGF-b1 levels in samplesder the curves were determined by Gaussian integration
were reported per total cell protein contents, as mea-with the computer program GS 365 W (Hoefer).
sured by the Lowry method.
Immunoprecipitations for STAT1
Infusion of leptin into rats
Quiescent cells were stimulated for 5 to 120 minutes To study the effect of leptin infusion in vivo, male
with 62.5 mm recombinant murine leptin. Cells were lyzed Wistar rats were anesthetized by ether, and osmotic mini-
in 500 ml cold immunoprecipitation buffer (1% Triton pumps (Alzet, Palo Alto, CA, USA) were intraperitone-
X-100, 150 mm NaCl, 10 mm Tris-HCl, pH 7.4, 1 mm ally placed under sterile conditions. These pumps have
EDTA, 0.2 mm sodium vanadate, 0.2 mm PMSF, and a pumping rate of 0.5 ml per hour. Two time points (72
0.5% NP-40). Cells were scraped from the culture flask hr and 3 weeks) were investigated. For control animals,
and passed twice through a 26-gauge needle to disperse pumps were filled with PBS. For short-term leptin infu-
any large aggregates. After centrifugation, 100 ml of su- sion (72 hr), rats (160 g body wt) received pumps filled
pernatant were transferred to new tubes, and 5 mg poly- with recombinant murine leptin dissolved in PBS at a
clonal rabbit anti-STAT 1a,b antibody (Santa Cruz total concentration of 62.5 mm (1 mg/ml; infusion rate,
Biotechnology), 400 ml distilled water, and 500 ml immu- 31.25 nmol recombinant leptin per hour). Pilot experi-
noprecipitation buffer were added. After vortexing and ments revealed maximal glomerular proliferation at 72
incubation for one hour at 48C, 50 ml S. aureus Cowan hours after the start of the leptin infusion. For the three
strain (Calbiochem-Novabiochem) were added, and weeks of infusion, larger animals of the same age were
tubes were incubated with agitation for another hour used for both groups (330 g body wt). Animals were
at 48C. Precipitates were then washed three times with rigorously pair fed and were infused with either 315.5
immunoprecipitation buffer, and recovered pellets were nmol mouse recombinant leptin per hour or PBS. At the
suspended in electrophoresis buffer, boiled for five min- beginning and the end of the infusion periods, body
utes, and centrifuged. Supernatants were finally loaded weights were determined. Blood pressures were mea-
onto an 8% sodium dodecyl sulfate-polyacrylamide gel. sured by tail plethysmography, and urines were collected
High molecular weight Rainbowe markers (200 to 46 in metabolic cages (proteinuria was measured by the
kDa; Amersham Buchler, Braunschweig, Germany) were Lowry method). For the long-term infusion experiments,
used as standards. Proteins were electroblotted onto ni- body weights and proteinuria were also determined at
trocellulose (Hybond-N; Amersham Buchler) in transfer day 15 after infusion start. At the end of the experiments,
buffer (50 mm Tris-HCl, pH 7.0; 380 mm glycine, 0.1% blood was drawn in prechilled EDTA tubes, and kidneys
SDS, 20% methanol) at a constant temperature of 108C. were harvested. A small sample of each kidney was fixed
After Western blotting, phosphorylated tyrosine resi- in Carnoy’s solution. Serum leptin concentrations were
dues were detected with a monoclonal antiphosphotyro- measured with a commercial ELISA detecting rat and
sine antibody (PY20; Transduction Laboratories, Lex- mouse leptin (R & D Systems, Minneapolis, MN, USA).
The remaining kidneys from each group were pooled onington, KY, USA). A horseradish peroxidase-conjugated
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ice, and glomeruli were isolated by differential sieving could be easily amplified from a cDNA prepared from
whole rat (Sprague-Dawley) brain, indicating that this[18]. Staining for proliferating cell nuclear antigen
(PCNA) and type IV collagen was performed in fixed long isoform could be detected under the assay condi-
tions used (data not shown). Subcloning of Ob-Ra (fromtissue exactly as previously described [18]. The APAAP
complex was used for visualization. Kidney sections were GERs) as well as Ob-Rb (from brain) amplification
products and partial sequencing revealed the correct na-evaluated in a blinded fashion, and all glomeruli were
counted without selection. Twenty glomeruli were ana- ture of the products (data not shown).
lyzed from each animal. Data are expressed as PCNA-
Leptin-induced proliferation of GERpositive cells per glomerulus. Staining for collagen type
IV was classified applying a score previously described A single dose of 6.25 to 625 nm recombinant murine
leptin, added for 24 hours, significantly stimulated GER[18]. This score consists of grades 0 through 4, grade 0
representing staining of 0 to 5% of the matrix area, grade proliferation as measured by [3H]-thymidine incorpora-
tion into DNA (Fig. 2). In contrast to GERs, recombi-1 representing staining of 5 to 20%, grade 2 staining 20
to 40%, grade 3 staining of 40 to 60%, and grade 4 nant mouse leptin in various concentrations failed to
stimulate proliferation in syngeneic rat mesangial cellsstaining of more than 60%.
The remaining glomeruli were lyzed in acid guanidi- (Fig. 2).
This mitogenic effect of leptin was also present whennium thiocyanate. Total RNA was isolated, and North-
ern blots for PCNA, TGF-b1, and a1(IV) collagen were different batches of the recombinant cytokine were used
or when recombinant leptin was obtained from otherperformed as described earlier here. Northern blot was
repeated three times. suppliers, suggesting that contamination with other sub-
stances, which may exert potential proliferative effects, is
Statistical analysis very unlikely (controls, 517 6 28.1; 62.5 nm recombinant
mouse leptin from Biomol, 1530 6 120a; 62.5 nm recombi-All values are presented as means 6 sem. Statistical
significance among multiple groups was tested with non- nant mouse leptin from Pepro Tech, 1421 6 100.7a cpm/
well; aP , 0.001, N 5 10).parametric Kruskal–Wallis test. Individual groups were
then tested using the Wilcoxon-Mann–Whitney test. A This leptin-stimulated proliferation of GERs was also
confirmed by direct cell counting (Table 1). Time-courseP value of , 0.05 was considered significant.
experiments performed with a single dose of 62.5 nm
leptin revealed stimulated proliferation, as measured by
RESULTS
direct cell counting for up to 96 hours (Table 1).
Ob-R expression To test for the specificity of the leptin-induced prolifer-
ation, quiescent cells were stimulated with recombinantLigand binding studies using [125I]-recombinant murine
leptin revealed expression of a single class of specific leptin in the presence of 5 mg/ml a-Ob-R antibody. The
addition of the antibody neither significantly influencedhigh-affinity receptors with a Kd of 4 nm (Bmax, 9700 recep-
tors/cell; Fig. 1A). Because there are currently no com- basal [3H]-thymidine incorporation into unstimulated
cells incubated in serum-free control medium, nor didmercially available leptin receptor antagonists, we used
a different approach to additionally test the specificity of the antibody attenuated proliferation of GERs induced
by 10% FCS (Table 2). However, the antibody com-the ligand binding. A total of 5 mg/ml of a goat polyclonal
antileptin receptor (a-Ob-R) was added to binding reac- pletely abolished the proliferation induced by 62.5 nm
recombinant mouse leptin (Table 2).tions with 5 nm [125I]-recombinant murine leptin. This
antibody was generated against a peptide corresponding Because we have previously described that Ang II is
a moderate mitogen for GERs [14], we examined theto amino acids 32 to 51 mapping at the amino terminus
of Ob-R of mouse origin. The addition of this antibody potential costimulatory effects of Ang II and leptin on
proliferation. Coincubation of quiescent GERs withreduced binding of leptin by approximately 80% (Fig.
1B). This effect was specific for the antibody because 1026 m Ang II and leptin further significantly increased
the proliferation compared with each cytokine alonethe addition of the same concentration of normal goat
IgG did not interfere with leptin binding to GERs (Fig. (Table 2).
1B). Several isoforms of the leptin receptor, including a
Signal transduction pathwayslong one (Ob-Rb), preferentially expressed in the brain,
and several isoforms with short cytoplasmic tails and a Since it has been previously described that binding of
leptin to its putative receptor activates JAK tyrosinemore widespread distribution have been recently charac-
terized in various species, including rat [2, 9]. cDNA kinases, which in turn phosphorylate STATs (signal
transducers and activators of transcription) [19–22], weamplification of reverse-transcribed RNA revealed ex-
pression of the short Ob-Ra but not of the long Ob-Rb investigated whether or not a similar signal transduction
pathway is operative in GERs after stimulation withisoform in GERs (Fig. 1C). However, the Ob-Rb isoform
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Fig. 1. Leptin receptor expression in glomerular endothelial cells (GER). (A) Ligand binding of [125I]-recombinant murine leptin to GER
monolayers. Data are presented as Scatchard blot. Each point is the mean of four independent experiments performed in duplicate. Unspecific
binding was performed in the presence of 1026 m nonradioactive murine leptin and is subtracted from the binding curve. GERs exhibit high-affinity
receptors for leptin with a Kd of 4 nm and Bmax of 9700 receptors/cell. (B) Binding of 5 nm of [125I]-recombinant murine leptin in the presence of
5 mg of a goat polyclonal antimouse leptin receptor antibody (a-ObR Ab) or the same concentration of normal goat IgG. Total binding of leptin
in the presence of normal goat IgG was considered as 100%. The a-ObR antibody, but not nonimmune goat IgG, significantly reduced binding
of leptin to its putative receptor (P , 0.01, N 5 5 independent binding experiments). (C) Expression of the short rat isoform (r-Ob-Ra) but not
the long form (r-Ob-Rb) in cultured GERs. cDNA amplification of reverse transcribed total RNA. A specific 487 bp band is detected in the
r-Ob-Ra, but not the predicted 370 bp band in the r-Ob-Rb lane. This experiment was independently repeated five times with similar results.
However, the r-Ob-Rb isoform could be easily amplified from rat whole brain cDNA using the same concentrations of primers and amplification
conditions (data not shown).
Table 1. Direct counting of cells after a single dose of leptin
for 24 to 96 hours
Time 3 103 cells/well
Controls 24 hours 276616
31.2 nm Leptin 24 hours 309 617
62.5 nm Leptin 24 hours 580 614a
312.5 nm Leptin 24 hours 730 618a
Controls 48 hours 320615
62.5 nm Leptin 48 hours 610 620a
Controls 72 hours 340618
62.5 nm Leptin 72 hours 800 624a
Controls 96 hours 405612
62.5 nm Leptin 96 hours 780 616a
a P , 0.01 vs. time-matched controls, N 5 6–8
leptin. To this end, we immunoprecipitated STAT1 from
total cell lysates and probed the precipitates after West-
ern blotting with a specific antityrosine antibody. Incuba-
tion of GERs with 62.5 nm leptin for 30 but not 5 to 10
minutes stimulates tyrosine phosphorylation of STAT1a
Fig. 2. Leptin-induced proliferation. A single dose of 6.25 to 625 nm (Fig. 3A). Phosphorylation of STAT1 was detectable for
(100 to 10,000 ng/ml) recombinant murine leptin for 24 hours signifi-
up to 60 minutes. Reprobing of the immunoprecipitatescantly stimulated incorporation of [3H]-thymidine into quiescent glo-
merular endothelial cells (GERs). In contrast to GERs, leptin in various with the anti-STAT1a,b antibody revealed a broader,
concentrations failed to induce proliferation of syngeneic rat mesangial slower migrating STAT1a band after 30 minutes of incu-
cells. These experiments were independently repeated eight times with
bation with leptin, indicating phosphorylation of the pro-duplicate measurements. Symbols are: (h) GER; (j) mesangial cells;
*P , 0.05; **P , 0.01 vs. unstimulated controls. tein (Fig. 3B). Class I cytokine receptors to which Ob-R
belongs also activate additional signal transduction path-
ways such as phosphatidylinositol 3-kinase (PI 3-kinase)
Wolf et al: Leptin and glomerular endothelial cells 865
Table 2. [3H]thymidine incorporation into rat glomerular
endothelial cells
cpm/well
Controls 554615
Controls 1 anti-Ob-receptor antibody 547651
62.5 nm Leptin 1156674a
62.5 nm Leptin 1 anti-Ob-receptor antibody 565638c
10% Fetal calf serum 5600 692a
10 Fetal calf serum 1 anti-Ob-receptor antibody 5750687a
1mm Angiotensin II 922645a
1 mm Angiotensin II 1 62.5 nm Leptin 1607657b
Controls 1 1 mm wortmannin 569651
62.5 nm Leptin 1 1 mm wortmannin 808688c
Controls 1 5 mm genistein 449630
62.5 nm Leptin 1 5 mm genistein 822 657c
a P , 0.01 vs. controls
b P , 0.05 vs. leptin only
c P , 0.01 vs. leptin only
pathways [23]. To interfere with these potential kinase
signal transduction pathways, we used the kinase inhibi-
tors wortmannin and genistein. Both inhibitors in the
concentrations used (1 mm wortmannin and 5 mm gen-
istein) had no effect on baseline proliferation of GERs
in serum-free medium, but partly abolished the in-
crease in [3H]-thymidine incorporation induced by leptin Fig. 3. Signal transduction of leptin-induced proliferation in glomeru-
(Table 2). lar endothelial cells (GER). (A) Phosphorylation of STAT1. Quiescent
GERs were treated for 5 to 120 minutes with 62.5 nm. Cell lysates
were immunoprecipitated with an anti-STAT1 antibody. After WesternTransforming growth factor-b1 expression
blotting, phosphorylation was detected with antityrosine antibody. Lep-
tin for 30 to 60 minutes stimulated phosphorylation of the 84 kDaTo investigate whether recombinant leptin may influ-
STAT1a (arrow). IgH represents the immunoglobulin heavy chain. Thisence the expression of the profibrogenic cytokine TGF-b1
blot is representative for five independent experiments with qualita-
[24], Northern blots and measurement of TGF-b1 pro- tively similar results. (B) The blot was stripped and incubated with
a polyclonal antibody against STA1a,b. A broader, slower migratingtein in culture supernatants were performed. As shown
STAT1a band appeared after 30 to 120 minutes of leptin incubationin Figure 4B, 0.62 to 625 nm leptin enhances mRNA
corresponding to the phosphorylated form (arrow). There was no
expression of TGF-b1 around 50%. This stimulation in change in STAT1b expression and migration of the band.
transcript expression was associated with an increase in
total TGF-b1 protein released into the culture superna-
tant (Fig. 4A).
ment (Table 3). Leptin infusion (72 hr and 3 weeks) had
In vivo infusion of leptin into rats no effect on systolic blood pressure (Table 3). Serum
concentrations of leptin were significantly enhanced atTo confirm our cell culture observations in vivo, naive
the end of the 72 hours, as well as three weeks of infusionrats were intraperitoneally infused with leptin. Pilot ex-
experiments (Table 3).periments studying infusion protocols from six hours up
Short-term infusion had no effect on renal proteinto one week revealed that maximal proliferation of glo-
excretion, whereas three weeks of leptin application sig-merular cells occurred after 72 hours of continuous leptin
nificantly increased proteinuria (Table 3). There was noinfusion (data not shown). Therefore, this time point was
significant difference in protein excretion in the twochosen for a detailed analysis of proliferation. In addition,
groups used for the three weeks of infusion experimentsinfusion of leptin was performed for three weeks to in-
before leptin application was started (Table 3 and Fig. 5).vestigate whether or not long-term infusion may induce
At day 15 after infusion start, leptin-treated animals al-collagen deposition and development of glomeruloscle-
ready revealed a higher protein excretion compared withrosis. Because short-term infusion of leptin caused a sig-
controls (Fig. 5). Although proteinuria increased slightlynificant decrease in body weight (animals were not pair
in the controls during the experiment, probably becausefed for the short-term infusion experiments), heavier ani-
of aging, protein excretion was always higher in the leptin-mals were used for the three-week leptin-infusion experi-
infused group (Fig. 5).ments, and rats were strictly pair fed so that the weight
was not significantly different at the end of the experi- As demonstrated in Figure 6A, rats infused with leptin
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Fig. 4. Leptin stimulates expression of transforming growth factor-b1 (TGF-b1) in glomerular endothelial cells (GERs). (A) TGF-b1 protein
secretion in the cell culture supernatant was also significantly stimulated by a single dose of leptin (6.25 to 625 nm) for 48 hours (N 5 3 to 4
independent stimulation experiments, *P , 0.05 vs. unstimulated controls). (B) Northern blot. A single dose of 0.62 to 625 nm leptin for 48 hours
increased TGF-b1 mRNA expression. This blot is representative of three independent experiments with qualitatively similar results.
Table 3. Leptin infusion experiments
72 Hours infusion (N 5 5) 3 Weeks infusion (N 5 8)
Parameter Control Leptin Control Leptin
Body weight g before infusion 16066 158 64 338 65 332 611
Body weight g after infusion 19068 140 615a 38867 391 618
Systloc blood pressure mm Hg 12063 118 62 114 63 112 64
Serum leptin concentrations after infusion; pmol 1568 650632b 3369 584640b
Proteinuria mg/24 hr before infusion NM NM 5368 56 68
Proteinuria mg/24 hr after infusion 53 66 48 67 83 65 138614a
PCNA-positive cells (per glomerulus, 20 glomeruli 0.16 60.04 0.42 60.05a 0.0960.03 0.13 60.04
from each animal were evaluated)
Collagen type IV score (20 glomeruli from each NM NM 0.15 60.04 0.42 60.03a
animal were evaluated)
Abbreviation is: NM, not measured.
a P , 0.01 vs. controls
b P , 0.001 vs. controls
revealed an increase in glomerular PCNA mRNA ex- Short-term infusion significantly stimulated PCNA
expression. In contrast, after three weeks of leptin infu-pression (control infusion, 100 6 5%; leptin infusion,
430 6 12% relative change in mRNA expression, P , sion, no difference in PCNA-positive cells compared
with control-infused rats was detected (Table 3). How-0.01, N 5 3). There was also a strong increase in TGF-b1
expression (control infusion, 100 6 7%; leptin infusion, ever, the long-term infusion modestly stimulated expres-
sion of collagen type IV (Table 3). To examine which830 6 8% relative change in mRNA expression, P ,
0.01, N 5 3), but not of a1(IV) collagen (Fig. 6A). In glomerular cells may express PCNA after 72 hours of
leptin infusion, immunohistochemistry was performed.contrast, glomerular PCNA mRNA expression was not
enhanced after three weeks of leptin infusion (Fig. 6B). Figure 7A reveals that almost no glomerular cells stained
PCNA positive in control-infused animals. Occasionally,However, TGF-b1 expression as well as a1(IV) collagen
transcripts were stimulated (TGF-b1, control infusion some tubular cells exhibited positive nuclear staining for
PCNA in control-infused rats. In contrast, there was an100 6 3%; leptin infusion, 610 6 4% relative change in
mRNA expression, P , 0.01, N 5 3; collagen type IV, increase in PCNA-positive cells in glomeruli from rats
infused for 72 hours with leptin (Fig. 7B). These PCNA-control infusion, 100 6 6%; leptin infusion, 320 6 10%
relative change in mRNA expression, P , 0.05, N 5 3). positive cells resembled glomerular endothelial cells. In
Wolf et al: Leptin and glomerular endothelial cells 867
syngeneic mesangial cells, indicating that the induced
proliferation may be cell specific. These cell-specific ef-
fects were not caused by a loss of leptin receptors on
mesangial cells because these cells do express specific
receptors and leptin has other specific effects on mesan-
gial cells (abstract; Han et al, J Am Soc Nephrol 9:632A,
1998). GERs expressed a single class of high-affinity
receptors for leptin, principally with a Kd and Bmax in the
range found in other cell types [8, 20, 23]. An increase in
[3H]-thymidine incorporation was observed with a leptin
concentration of 6.25 nm, which is in the range of the
receptor Kd (4 nm). An effect on TGF-b1 mRNA expres-
sion was even noted at lower concentrations. However,
a stronger stimulation of proliferation was observed with
higher concentrations of leptin (31.2 to 625 nm) at which
all specific binding sites should be more than saturated.
Therefore, one may be concerned that these proliferative
effects may be not due to leptin itself but are rather
caused by another contaminating substance. However,
Fig. 5. Development of proteinuria during three weeks of leptin infu- we believe for several reasons that this is not the case.
sion. Baseline protein excretion was not different between leptin- We tested several batches of recombinant mouse leptininfused rats (h) and control-infused animals (d) at day 0. Although
from different suppliers to ensure that the observed ef-proteinuria significantly increased in control-infused rats at the end of
the three-week period compared to day 0, probably because of aging, fects may not be due to contamination of the leptin
at the investigated time points (days 15 and 21) protein excretion was preparation with any other cytokine or growth factor.significantly higher in leptin-infused rats than in controls. #P , 0.05 vs.
To test the specificity of a growth factor/cytokine re-controls at day 0; *P , 0.01 vs. time-matched controls, N 5 8.
sponse, one normally uses a specific receptor blocker.
However, there are currently no leptin receptor antago-
nists available. Therefore, we used an alternative ap-
addition, long-term infusion of leptin for three weeks proach in which we applied a polyclonal goat antibody
moderately, but significantly, increased glomerular stain- generated against the extracellular domain of Ob-R. We
ing for collagen type IV (Fig. 7 C–F). assumed that this antibody may interfere with the bind-
ing of recombinant leptin to its putative receptor. This
antibody significantly reduced leptin-mediated thymi-DISCUSSION
dine incorporation but did not influence basal growth of
An increased incidence of glomerulosclerosis has been GERs or proliferation induced by 10% serum. Further-
described in individuals with massive obesity [4, 25]. En- more, this antibody blocked specific binding of [125I]-
dothelial cells within such sclerotic glomerular tufts are leptin to GERs. Because the kidney is very active in
swollen, often exhibit fatty degeneration as foam cells, leptin clearance, it is possible that a considerable amount
and undergo limited proliferation. Studies in animal of leptin is degraded by cultured GERs. Furthermore,
models of glomerulosclerosis such as renal ablation have it may be that higher concentrations of leptin are neces-
convincingly demonstrated that an initial proliferation sary to counteract the potential growth inhibition medi-
of glomerular endothelial cells precedes the develop- ated by the concomitant induced expression of TGF-b1.
ment of glomerulosclerosis and may be an important Thus, we believe that our data strongly suggest that the
prerequisite [26–29]. Other investigators found a signifi- observed mitogenic effects are indeed caused by leptin
cant glomerular enlargement and endocapillary prolifer- and not some other mechanism.
ation without frank glomerulosclerosis in very obese pa- Two contributions were published after the submission
tients [30, 31]. Because such obese individuals exhibit a of our manuscript showing that leptin is an angiogenic
marked increase in serum leptin concentrations [3], it is factor and stimulates proliferation of human umbilical
possible that this hormone may contribute to the early venous endothelial cells (HUVECs) [32, 33]. Although
proliferation of endothelial cells, which may subse- these studies were done on endothelial cells of nonrenal
quently develop into glomerulosclerosis. origin, these findings principally confirmed our observa-
We were therefore interested in whether or not leptin tions that leptin is a mitogen for endothelial cells.
could stimulate growth of cultured glomerular cells. Short-term in vivo infusion of leptin into naive rats
These experiments demonstrated that leptin is a mitogen stimulated a slight, but significant proliferation of glo-
merular endothelial cells, indicating that the observedfor GER but failed to have any proliferative effect on
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Fig. 6. Glomerular mRNA expression in leptin-infused rats. (A) Intraperitoneal infusion of murine leptin with osmotic minipumps for 72 hours
stimulated glomerular mRNA expression for PCNA and TGF-b1, but not for a1(IV) collagen. (B) Continuous infusion for three weeks increased
glomerular transcripts for TGF-b1 and a1(IV) collagen, whereas PCNA mRNA returned to baseline. This blot is representative of three independent
experiments with qualitatively similar results.
effects are not limited to the somewhat artificial cell tin may have additive effects on endocapillary prolifera-
tion and subsequent development of glomerulosclerosis.culture environment. The measured leptin serum con-
centrations in the infused animals were also in the range The initial study that identified the Ob-R gene by
expression cloning reported abundant transcripts in theof the receptor Kd. Because endothelial cells exhibit only
a very low turnover in the glomerulus under normal kidney in addition to brain expression [8]. Subsequent
studies in humans and mice demonstrated the existencein vivo conditions [26, 27, 34], the limited proliferation
induced by leptin may be of significant relevance under of multiple Ob-R isoforms that arise from alternative
RNA splicing [2, 9]. Principally, short and long formspathophysiological conditions leading to endocapillary
hyperplasia. Furthermore, cell cycle progression of glo- of the Ob-R with identical extracellular domains but
differences in the carboxyterminal intracellular portionmerular endothelial cells may also activate these cells
and it facilitates surface expression of cell adhesion mole- of the receptors have been described [9]. The long iso-
form (Ob-Rb) is preferentially expressed in hypothala-cules with subsequent binding of leukocytes, invagi-
nation of immune-competent cells into the glomerular mus, whereas shorter isoforms are mainly expressed in
peripheral tissues, including the kidney. There is addi-tuft, and development of glomerulosclerosis [26, 34].
Our studies show that Ang II and leptin exert addi- tional variety in the short isoforms with unique carboxy-
terminal segments and 39 untranslated regions [2]. Intional proliferative effects on GERs. Because the local
renal renin-angiotensin system may be activated in dia- the rat, at least five distinct short isoforms have been
identified: Ob-Ra, Ob-Rc, Ob-Rd, Ob-Re, and Ob-Rf [2].betes mellitus [35], a local increase in Ang II may further
enhance leptin-mediated proliferation of glomerular en- Of the various short isoforms, Ob-Ra is the most abun-
dant in the kidney, and recent autoradiographic studiesdothelium [35]. For example, in an obese patient with
noninsulin-dependent diabetes mellitus, Ang II and lep- revealed labeling of renal vascular structures [2, 13].
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Fig. 7. Immunohistological staining of renal sections from in vivo infusion experiments. (A and B) Staining of kidney sections of control or leptin-
infused rats (72 hr) with a specific anti-PCNA antibody to assess in vivo proliferation of renal cells. Kidney section of rats infused with solvent
for 72 hours revealed no glomerular PCNA staining, suggesting very low basal proliferation in normal glomeruli (A). In contrast, in leptin-infused
animals PCNA-expressing cells are found in glomeruli (arrow; B). (C–F ) Staining for collagen type IV in rats infused for three weeks with solvent
or leptin. There was a light collagen type IV staining in mesangial matrix and tubular basal membranes of control-infused rats (C). However, an
increase in glomerular collagen type IV staining was detected in rats infused with leptin for three weeks (D). A higher magnification reveals
glomerular collagen type IV staining restricted to the mesangial area of control-infused animals (E), whereas leptin-infused animals exhibit a
segmental increase in collagen type IV deposition (F). Magnifications 3150 for A–D, 3 300 for E and F.
Ob-Rb has considerable homology to class I cytokine recruited to this complex and are phosphorylated. Leptin-
mediated recruitment and activation of PI 3 kinase asreceptors, and transient cotransfection studies have dem-
onstrated that binding of the ligand causes receptor di- an additional signal transduction pathway has also been
observed in hepatoma cells transfected with Ob-Rb [23].merization with subsequent association and activation
of JAK kinases [9, 20, 36]. In turn, STAT proteins are The mutation of the long form of Ob-R resulting in
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truncated intracellular domains, for example, in db/db cyte-macrophage colony-stimulating factor from mouse
peritoneal macrophages [41].mice, has been implicated in failure of appropriate signal
transduction [37]. According to this thinking, it has been In addition, leptin in vitro as well as in vivo infusion
stimulates the expression of TGF-b. TGF-b is a majorassumed that the short forms of Ob-R are primarily
involved in transport and clearance of leptin rather than modulator of renal fibrosis and acts through stimulation
of extracellular matrix proteins as well as inhibition ofin signal transduction [23]. However, our findings clearly
demonstrate that solely the short Ob-Ra is expressed degradation of these proteins [24]. Although initially
identified as a mitogen for particular cell types, it is nowin GERs. Nevertheless, ligand binding activates STAT1
phosphorylation and stimulates proliferation and TGF-b1 generally assumed that TGF-b has growth-suppressive
effects on several renal cells, probably by interactingexpression. We have also obtained evidence that leptin
stimulates expression of immediate early genes such as with the expression of cyclin-cyclin–dependent kinases
in the G1 phase of the cell cycle [44]. However, ourEGR-1 in cultured GERs and in whole glomeruli in vivo
(data not shown). Moreover, interference with kinase studies clearly demonstrate that TGF-b induction and
proliferation can be separated, and mitosis occurs despiteinhibitors totally abolished the leptin-induced prolifera-
tion. These findings strongly indicate that the short Ob-Ra the induction of TGF-b. Whether TGF-b may even facili-
tate proliferation, for example, by up-regulation of re-is capable of engaging similar signal transduction path-
ways as the long form of the receptors. Signal transduc- ceptors for other proliferative cytokines such as platelet-
derived growth factor that has been demonstrated intion and induction of immediate early genes have been
recently reported in cells expressing only the Ob-Ra mesangial cells [45], remains an interesting, albeit un-
proven, hypothesis.form of the receptor [38]. In addition, reduced, but fully
intact, functional STAT1 and 3 signaling by the rat fatty Long-term infusion of leptin for three weeks also stim-
ulates expression and some glomerular deposition ofleptin receptor has been described [20], a surprising find-
ing because this mutated receptor from obese Zucker collagen type IV. Although the increase in collagen de-
position was rather moderate and no overt glomerulo-fatty rats was thought to be inactive. Deletion and tyro-
sine substitution mutagenesis of the Ob-R have identi- sclerosis could be readily detected, there was a significant
increase in proteinuria in leptin-infused animals, and itfied two distinct regions of the intracellular domain im-
portant for signaling [39]. These studies provided its possible that even longer periods of infusion may lead
to glomerulosclerosis. In addition, it has been demon-evidence that shorter forms of the Ob-R may signal
through a hematopoietin receptor response elements strated by micropuncture experiments that not the scle-
rotic but the apparently “normal” glomeruli are the(HRRE) [39]. Taken together, recent studies, in agree-
ment with our observations, indicate that the short form source of proteinuria in some models [46]. Because we
have rigorously pair fed the groups, control and leptin-of the Ob-R is also capable of successful signal transduc-
tion. Along this line is the observation that the ob/ob treated animals had the same body weight at the begin-
ning and end of the experiment. Although the protein-mouse, which has a mutation in the leptin gene and does
not produce this peptide, rarely develops renal disease, uria slightly increased in the control group during the
duration of the experiments, probably because of aging,despite obesity and the occurrence of diabetes mellitus.
In contrast, db/db mice, which exhibit a mutation in the leptin-infused animals exhibited a much higher urine
protein excretion than controls.long isoform of the leptin receptor, have high leptin
serum levels and develop early glomerulosclerosis remi- Because we did not measure glomerular hemodynam-
ics, we cannot exclude, despite similar systemic bloodniscent of changes detected in human kidneys during the
course of diabetes mellitus type II [40]. Assuming that pressures in the various groups, that leptin may facilitate
the development of glomerulosclerosis by stimulatingsignal transduction in GERs occurs by activation of
Ob-Ra, it is tempting to speculate that circulating leptin glomerular hypertension. However, we believe that such
a mechanism is highly unlikely because recent studiesin db/db mice exhibiting a nonfunctional Ob-Rb, binds
to Ob-Ra, and facilitates endocapillary proliferation and infusing human leptin into the renal artery of rats demon-
strated a natriuretic effect without influencing renalglomerulosclerosis observed in these animals [40]. This
hypothesis may be of relevance in patients with diabetes blood flow or glomerular filtration rate [47]. Alterna-
tively, we propose that leptin initially stimulates prolifer-mellitus type II who exhibit a relative leptin resistance.
Leptin-mediated proliferation is not limited to GER ation of glomerular endothelial cells and expression of
TGF-b. TGF-b may, in turn, activate the transcriptionand has been previously described in hematopoietic and
embryonal cell lines [41–43]. For example, Ob-R recep- of extracellular matrix proteins such as collagen type
IV in an autocrine and/or paracrine fashion. Increasedtors including a new isoform are expressed on very primi-
tive hematopoietic cells, and leptin stimulates prolifera- deposition of collagen and injury of endothelial cells may
than finally lead to proteinuria.tion and differentiation of hematopoietic cells [41, 43].
Furthermore, the peptide induced the release of granulo- Because leptin may stimulate natriuresis [47], we can-
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